A series of displacement transducers have been demonstrated which are based on the detection of electrons that quantum-mechanically tunnel across a narrow gap between electrodes. These transducers have important applications due to the sensitivity of the tunneling mechanism to su~A variations in the electrode gap. In this paper, we describe the recent development of wide-bandwidth electro-mechanical actuators and'simple feedback circuitry which have been adapted for use in tunneling displacement transducers.
Displacement transducers are frequently used in sensors for the detection of physical signals. For the purposes of this discussion, we shall consider the displacement transducer to be the element of the sensor which detects the deflection of another sensor elemeng and produces an electrical signal proportional to that displacemen~For example, many accelerometers operate by using a conventional displacement transducer (capacitive, inductive, optical) to detect the deflection of an elastically supported proof mass. The performance (resolution, bandwidth, dynamic range) and operating requirements (size, mass, power consumption) are often dictated by those of the transducer. In addition, wellknown scaling laws have been established which relate the performance of these conventional transducers to their characteristics, such as volume, mass, and power consumption. As a resul~many sensors based on conventional transducers have already been miniaturized as far as allowed by the scaling laws.
We have investigated the use of electron tunneling across a namow barrier between metallic electrodes as a displacement transducer. In some cases, the tumeling transducer can be expected to offer substantial advantages over conventional transducers in terms of performance and operating requirements.
Electron tunneling was originally developed for use in tnicroscopy.1 As shown in the early work on the Scanning Tunneling Microscope (STM), the current due to the tunneling of electrons across a narrow barrier of width s is given by : I = Vew(-atis)$ (1) where O is the effective height of the tumeling barrier, V is the bias voltage (small compared to 0), and a = 1.025 (A-1 e~l~). For typical values of @ ands, (1 eV and 10 A, respectively) the cment varies by a factor of three for each A change in electrode separation. For this situation, an electronic circuit capable of detecting 1% variations in a 1 nA current from a 100 MQ source would be good enough to detect deflections as small as 0.003 A. If the detection were limited by shot noise in the tunnel current, the minimum detectable deflection would be 1.2x 10-s A/~.
It is especially important to note that the displacement responsivity of the tumeling transducer is not directly dependent on the dimensions of the transducer. As a resultj the tunneling transducer may be miniaturized without loss of displacement resolution. This 2.
development creates an opportunity for miniaturization of a broad class of sensors without loss of performance. A position sensor based on electron tunneling has already been incorporated into the design for an accelerometer,z~an infrared sensor,s~6 and a rnagnetometer.T Several other applications are being considered as well. In addition, MacDonald and coworkers have developed single crystal-based fabrication techniques for miniaturized tumeling structures,g-lo and Fujita and coworkers have utilized surface micromachining to consmuct an operational lateral tunneling sensor. 11 Theoretical issues surrounding the fundamental limits to displacement detection with tunneling transducers have also been studied.lz-ls Many of the fundamental issues, engineering issues and applications associated with tunneling sensors were recently discussed at the first Tunnel Sensors Workshop.16
Because tunneling only occurs when the tip is nearly 10A from the counterelectrode, the gap between the electrodes must be controlled by feedback during operation. This is usually accomplished by measuring the tunneling cument, comparing it to a reference value, and applying correction signals to an electromechanical actuator. This actuator may function by applying forces to the moving sensor element so as to keep the tip-element gap constant (force-rebalance design), or by applying forces to a transducer element so as to make the tip 'follow' the moving sensor element (dual-element design). If the gain of the transducer/circuit/actuator is sufficient, the tunneling current w-illbe maintained in the presence of external disturbances. By monitoring the feedback signals produced by the control circuiL one cart detect the forces applied to the sensor element (force-rebalance design) or detect the deflection of the sensor element (dual element design). One advantage of the dual-element design is the possibility of independent tuning of the actuator and sensor element dynamical, characteristics to simplify the design and optimize the petiotmance of the sensor. One disadvantage of the dual-element design is the need to fabricate a second micromechanical element with electrodes.
Through use of the tunneling transducer, the extreme sensitivity to displacement allows the amplification and measurement of small deflections with relatively simple circui~. As a resul~the characteristics of the electromechanical actuator used to umrol the separation between the tumeling electrodes often impose the dominant limitations to the performance of the tumeling system. For example, piezoelecrnc actuatom are favored for STM applications because they maybe easily cor@ured to provide lateral scanning in addition to precise vertical control. However, piezoelectric actuators suffer from sensitivity to temperature, hysteresis, and creep. STM instrument manufacturers have solved these problems by calibration and compensation techniques, but these techniques aR inappropriate for many sensor applications because of complexity and cost.
For the application of tumeling as a displacement transducer, it is important that the characteristics of the actuator are compatible with the measurement nxpirements. In particular, the actuator must have adequate bandwidth, dynamic range and precision to perform the measurement of interest. In contrast to S~, it is not necessary for the actuator to allow lateral scanning, nor is it necessary to allow a mechanism for replacing tips and samples. Because of these considerations, piezoelectric actuators are not ideal for tunneling sensors. Instead, we have developed actuators which are fabricated entirely from micromachined silicon components, and use electrostatic deflection to control their position. Silicon miixomachining offers the capability for micrometer control over the " shape of rnicromec.hanical structures, and the opportunity to fabricate the majority of the micromechanical structure from silicon.
It is important for any transducer to be insensitive to environmental sources of noise. For example, an infrared detector based on a tumeling displacement transducer should be insensitive to vibration. As is well known, early STMS were extraordinarily sensitive to vibration, and required the construction of large, complex vibration isolation systems for their use. In order to adapt tunneling for use as a transducer for sensor applications, the built-in sensitivity to vibration, as well as other environmental stimuli such as temperature and pressure, must be reduced. Since the tumeling transducer is fundamentally a mechanical struct&e, the sensitivity to vibration is best eliminated through careful mechanical design. When a mechanical element is subjected to an acceleration at frequencies below its resonance, the amplitude of deflection is inversely proportional to the square of the mechanical resonant frequency. Therefore, sensitivity to vibration is best reduced by increasing the mechanical resonant fnxpency of all elements of the transducer.
It is also important to reduce the sensitivity of the transducer to temperature. By using electrostatic deflection of micromechanical structures, we capitalize on the insensitivity of electrostatics to temperature, and the weak sensitivity of mechanical characteristics, such as Young's Modulus, to temperature.
The original tumeling sensors based on the use of micromachined actuators with electrostatic deflection consisted of low-stiffness structures to allow their deflection over a considerable range (>100 p.m).3 These large deflections were necessary to achieve the 'coarse approach' as well as the 'fine control' with a single technique. Prototype transducers based on this design were operated and characterized. These prototype devices were based on simple micromachining techniques, and consisted of folded cantilever springs with a total mass of about 30 mg, and a total area of about 2 cm2. Displacement sensitivities approaching 0.001 &~were measured with these prototype tumeling transducers.
The requirement for deflection over a considerable range with electrostatic forces led to a need for soft mechanical suspension for the moving transducer element and to resonant frequencies of less than 200 Hz. To achieve stability in the control of these elements, the bandwidth of the feedback control system was resrncted to less than this the infrared sensor will be described elsewhere.6
Onc important advantage to the use of the cantilever or the mcrnbranc as a tunneling contact is that these elements are not rigid and do not carry much momentum. Therefore, the amount of force between the tunneling electrodes during a 'crash'is limited During the operation of sensors with the wide-bandwidih actuators, thexe have ken no sensor failures related to wear or damage at the electrodes. For use of tumeling as a transducer in any practical application, we strongly recommend that one of the contacts be supported by a compliant element.
In both of these devices, a micromachined silicon tip is fabricated on a silicon wafer by undercutting a 25pm square of mask material with an anisotropic etchant. This same process step forms the recess which contains the tip and deflection electrodes. After etching, these surfaces are passivated with 1 pm of thermally-grown SiQ, and a gold electrode pattern is created by a modifkl liftoff technique. An SEM micrograph of a typical tip and electrode pattern that results from this process is shown in Fig. 3 . It is important to note that we do not employ any tip sharpening techniques. We have found that, for the purposes of a z-component transducer, contdling the "sharpness" of the tip is not important for controlling sensor performance. We have used tips such as the one shown in Fig. 3 , which has a radius of curvature of 1-5 pm, or we have used tips which have a 5pm flat mesa on the end. Sensors with 'sharp' or 'flat'tips have had indistinguishable behavior and performance. The exponential nature of the tunneling process virtually guarantees that the observed cument will be dominated by individual atoms on the tunneling electrodes? whatever the shape of the electrode surfaces.
Since tumeling takes place between the atoms on the surfaces of the tunneling electrodes, it is critically important that the electrode material be metallic. In all of our successful experiments, we have utilized Au films as tumeling electrodes. Au is a nearly ideal metal for this purpose because it does not undergo chemical reactions to form insulating surface layers when exposed to air. Most other metals utilized for STM tips (W, Ft-Ir, ...) have reactive surfaces which may require speciidized cleaning treatments under Ultra-High Vacuum (UHV) conditions to allow stable tumeling. For the purposes of sensor applications, it will be impractical to maintain UHV conditions at the tunneling electrodes during manufacturing, assembly, and operation. Therefore, we have concentrated on development of Au-based electrode processing techniques which allow long-term, trouble-free operation of the tumeling electrodes in air at atmospheric pressure.
The original tunneling sensors were meta.llized by e-beam evapmion of pure Au films through rnicromachined shadow masks onto the oxide-passivated silicon surfaces.
More recently, a liftoff-based lithographic technique has been developed which allows much higher density electrode patterns. In liftoff, photoresist is pattem~metal is deposited and the photoresist is dissolved, lifting' the parts of the pattern that were A CA3140 amplifier is used for both the prearnplifkr and the emor amplifier in the circuits studied in this work. Other FET-input amplifiers maybe used as well. The input impedance of the first amplifier should be substantially higher than the 100 MCI source impedance of the transducer. Also, the inptit current noise of the amplifier should be low enough that it does not dominate the final noise of the sensor. The CA3 140 has input noise of 2 x 10-13A/=, which is lower than other noise sources that we have obsemed in operation of these sensors. Since the noise and bandwidth in these systems have not been limited by preamplifier characteristics, we have not been generally concerned with optimization of these elements.
These transducers were made operational and routine characterizations were carried out. For all the measurements described in this repom the transducer was operated in laboratory air at atmospheric pressure. Stable tumeling was achieved in a typical transducer with an average deflection voltage of 120 V. Figure 5 shows a measurement of the voltage noise horn the feedback circuit measured at the ouput of the mr a.mpwkr, and at the transducer deflection electrode for a membrane transducer. The signal at the deflection electrode is smaller at higher fre@encies because of the low-pass filter which consists of the resistor network in the feedback loop and the stray capacitance at the deflection electrode.
This noise spectrum exhibits a typical l/f character, in agreement with tunneling noise spectra seen elsewhere.zs-zs The source of the l/f noise in these devices has not been experimentally determined. Migration of individual gold atoms at room temperature has been observed in STM experiments. Others have attributed noise in tunneling in air to migration of adsorbtd water molecules through the tunneling region. Either of these mechanisms can be expected to produce randomly-timed steps in the feedback signal, which could be expected to produce the shape of the observed spectrum. Also, relaxation of the package which holds the two elements of the structure can also be expected to introduce low fkequency noise. Figure 6 shows the ratio of the measured modulations to the reference modulation as a function of frequency, recorded by a standard spectrum analyzer.
At all frequencies up to 50 kHz, the transducer is able to accurately reproduce the reference modulations. Above 50 kHz, this response begins to roll off because of the limited bandwidth of the preamplifier. Figure 7 shows the phase shift between the measunxi modulations and the white noise modulations. This phase shift is less than 5 degrees for frequencies below 10 kHz, increasing to 30 degrees at 50 kHz. At frequencies above 100 kHz, capacitive coupling between the noise source and the transducer contribute to the measurement, as evidenced by the variation in the phase shift at those frequencies. There was no evidence for the mechanical resonance of the membtie in these measurements.
Some informal life-testing experiments have been carried out on these transducers. Microdevices laboratory and has collaborated on a neural probe development proand on an improved Golay Cell. He has focused on a second generation tunneling accelerometer with high sensitivity (nano-g) and high bandwidth (5 kHz). A protod evice has been fabricated and is now being tested for application for undersea acoustics.
When the accelerometer program is concluded, Kurth intends to move to a graduate research progmm, while continuing to work on novel sensor development. Kurth has ccP authored 2 patent applications and 7 technical publications.
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Wide-bandwidth cantilever B+ Ep~Layer
Tunneli;g contacts Cantilever deflection electrodes Fig. 1 This drawing shows the design concept for the tunneling accelerometer. A widebandwidth cantilever is controlled by the feedback circuit to follow the motion of the proof mass. Since the resonant frequency of the cantilever greatly exceeds that of the proof mass, feedback output signals at frequencies above and below the resonant frequency of the proof mass may be obtained. In 'tis design the clectmde gaps are about 15 P, and the tip is about 15pm in heighf requency of 100 Hz.
Themass is7~x7m mx206~a ndhasa resonant Deflection Electrodes \ Tip Fig. 2 This drawing shows the design of the membrane transducer. A gold-coated silicon nitride membrane is electrostatically deflected to within tunneling range of a micromachined tip. Variations in external forces applied to the membrane are canceled by feedback-generated variations in deflection force so as to keep the membrane in the same place. In this design, the gap between deflection electrode and membrane is about 50 pm, and the tip is about 50pm tall. The membrane is 2 mm x 2 mm x 0.5 ym. Frequency (Hz) Fig. 7 This plot shows the phase shift between the measured and requested oscillation in tunneling current for frequencies between 2 kHz and 200 kHz. The phase shift is less than 5 degrees for frequencies below 10~, but increases to 30 degrees at 50 kHz. Coupling between the noise generator and the transducer leads to errors in this measurement above 100 lcr-rz.
